This paper presents an EEG study for coherence and phase synchrony in mild cognitive impairment (MCI) subjects. MCI is characterized by cognitive decline, which is an early stage of Alzheimer's disease (AD). AD is a neurodegenerative disorder with symptoms such as memory loss and cognitive impairment. EEG coherence is a statistical measure of correlation between signals from electrodes spatially separated on the scalp. The magnitude of phase synchrony is expressed in the phase locking value (PLV), a statistical measure of neuronal connectivity in the human brain. Brain signals were recorded using an Emotiv Epoc 14-channel wireless EEG at a sampling frequency of 128 Hz. In this study, we used 22 elderly subjects consisted of 10 MCI subjects and 12 healthy subjects as control group. The coherence between each electrode pair was measured for all frequency bands (delta, theta, alpha and beta). In the MCI subjects, the value of coherence and phase synchrony was generally lower than in the healthy subjects especially in the beta frequency. A decline of intrahemisphere coherence in the MCI subjects occurred in the left temporo-parietal-occipital region. The pattern of decline in MCI coherence is associated with decreased cholinergic connectivity along the path that connects the temporal, occipital, and parietal areas of the brain to the frontal area of the brain. EEG coherence and phase synchrony are able to distinguish persons who suffer AD in the early stages from healthy elderly subjects.
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized by impairment of cognitive functions. The progression of AD can be categorized into four different stages. The first stage is mild cognitive impairment (MCI), an intermediate stage between the expected cognitive decline of normal aging and the more serious decline of dementia. The second and third stages are mild AD and moderate AD, and are characterized by increasing cognitive deficits and difficulty to perform routine tasks. The last stage is severe AD, where the patients lose sensitivity to their environment while memory and cognitive skills continue to worsen, and they become completely dependent on caregivers for their daily activities [1] . Early diagnosis of AD is very important to prevent disease progression to the more severe stages.
Early diagnosis of AD is not an easy task, because the symptoms are hard to distinguish from the symptoms of other types of dementia. One major feature in AD is the gradual loss of connections between neurons in the brain, which can lead to damaged cell function and eventually the death of brain cells [2] . The cell damage is caused by the accumulation of beta amyloid plaques outside of the cells and the formation of neurofibrillary tangles inside of the cells, where the extent of the damage determines the stage of development of AD [3, 4] .
EEG signals analysis is a promising technique for early diagnosis of AD [5] . Several studies of EEG data analysis have been performed for the detection of neurological abnormalities in AD patients. EEG slowing in patients with AD is a phenomenon that has often been reported by researchers and is related to the progression of the disease [6] . EEG slowing is associated with an increase in delta and theta activities and a decrease in alpha and beta activities [7] [8] [9] [10] .
In addition, EEG is a non-invasive and non-radiative examination technique that can be used to study the functional connectivity of the brain by measuring signals from the cortical brain. The cortical connectivity of the brain reflects the functional level in terms of communication between different parts of the brain. AD is characterized by low levels of functional connectivity [11] . Functional connectivity is defined as the temporal correlation between the activity of different neural assemblies [12] . According to Uhlhaas and Singer [13] , impairment in the temporal coordination of this neuronal activity contributes to cognitive impairment in patients with AD.
The magnitude of the functional connectivity and synchronization between the two continuous signal can be measured by the linear and nonlinear estimators, bivariate and multivariate approaches, directed and undirected measures [14] . The measure of the linear synchronization for example cross correlation and spectral coherence, whereas the nonlinear synchronization expressed in mutual information, entropy transfer, Granger causality, or the nonlinear interdependence and phase synchronization [15] .
Most of the results of previous research stated that in AD patients has decreased coherence spectral in alpha band compared with healthy elderly [16] [17] [18] [19] . As for the EEG coherence of delta and theta bands, several studies have shown contradictory results, ie an increase or decrease in coherence [16, [19] [20] . The results of the analysis of synchronization with the Synchronization likelihood (SL) reported that in AD and MCI subjects loss of functional connectivity in the high frequency alpha and beta bands [10, 21] . Another study reported a poor SL in AD patients at delta, theta, alpha and beta bands [22] . SL in MCI was lower than normal elderly people and SL in AD was lower than MCI in the midline and right fronto-parietal electrodes [23] .
In this study, the measure of synchronization used is the spectral coherence and phase synchrony, where both are in the frequency domain. Spectral coherence and phase synchrony are the bivariate method which measures the synchronization between the two time series of EEG electrode pair. A comprehensive intrahemispheric and interhemispheric coherences from all combinations of electrode pairs, and phase synchronization of neural activity from EEG data are presented. The objective of this study was to obtain additional information about brain connectivity in MCI patients and compared to healthy elderly subjects. Data acquisition process used a portable wireless EEG system is the proposed method in this study. The overall results were statistically tested to observed any significant difference between the groups of MCI patients and the healthy elderly subjects.
Materials and Methods

Subjects
The subjects consisted of 10 MCI patients (3 males and 7 females) at the age of (72.20 ± 7.29) years. The symptom severity was assessed using Mini Mental State Examination (MMSE) [24] and Montreal Cognitive Assesment (MoCA) [25] , which revealed overall scores of (20.30 ± 0.82) and (16.60 ± 1.95) respectively. The control group consisted of 12 healthy subjects (4 males and 8 females) with no neurological abnormalities and no personal psychiatric history. They were aged (70.17 ± 4.36) years, had a MMSE score of (27.25 ± 2.00) and a MoCA score of (26.50 ± 1.24) (see Table 1 ). All subjects were volunteers who gave informed consent to undergo brain recording.
EEG Recording
EEG recording was performed using Emotiv Epoc 14 electrodes (AF3, F7, F3, FC5, T7, P7, O1, O2, P8, T8, FC6, F4, F8, AF4) according to the international 10-20 system. The EEG data were recorded at a sampling rate of 128 Hz with a resolution of 0.51 µV and a bandwidth of 0.2-45 Hz. Noise was filtered with notch filters at 50 Hz and 60 Hz. The subjects were placed in a resting condition with their eyes closed for 20 minutes during the time of recording. Artifacts such as eyeblinking and muscle activity were rejected by visual inspection.
Coherence Analysis
Coherence is a linear measure of the correlation between two signals as a function of frequency. Coherence can be interpreted as a measure of the degree of synchronization between the brain signals in specific brain areas [26, 27] . Coherence is calculated from a pair of signals, x and y. The magnitude is the square cross-spectrum of the two signals divided by the product of the power spectral densities (PSD) of each signal, formulated as [28] :
where W xy is the cross-spectral density of the two signals, f is the frequency, W x is the PSD of x, and W y is the PSD of y.
Absolute power values in the following frequency bands: delta (1-4 Hz), theta (4-7 Hz), alpha (7-13 Hz) and beta (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) Hz) were used. Intrahemisphere EEG coherence was calculated for all combinations of electrode pairs. Interhemisphere coherence was calculated for the seventh electrode pairs: AF3-AF4, F7-F8, F3-F4, FC5-FC6, T7-T8, P7-P8 and O1-O2, as shown in Figure 1a . 
Phase Locking Value (PLV)
The PLV method is a representative method for obtaining a statistical measure of the strength of phase synchronization of neural activity from EEG data. Phase synchrony refers to the interdependence between the instantaneous phases of two signals. The instantaneous phases are synchronized even if the amplitudes of both signals are statistically independent. Phase synchrony, defined as the locking of the phases associated to each signal, is expressed as [12] :
To estimate the instantaneous phase of a signal, the Hilbert transform was used:
where is the Hilbert transform of , defined as:
Eq. 4
where PV denotes the Cauchy principal value. The analytical signal phase is defined as:
Eq. 5
The PLV bivariate metric for two signals, and -, is then defined as the average value:
Eq. 6
Where ; is the sample number of each signal and ∆ is the sampling period. The PLV takes a value within [0,1], where 0 indicates a lack of phase synchronization and 1 indicates perfect phase synchronization (the phase difference varies a small amount accross the signals). PLV calculation is based on the method introduced by Lachaux [29] . The stages of PLV calculation include: (1) filtering the signal with an finite impulse response (FIR) band-pass filter, (2) calculating the instantaneous phase ∆φ with the Hilbert transform, and (3) normalization of the PLV so it has a value between 0 and 1.
The PLV analysis was performed only in areas associated with the long cortico-cortical connection which included 5 electrode pairs for the left hemisphere (FC5-T7, FC5-P7, FC5-O1, T7-O1, P7-O1) and 5 electrode pairs for the right hemisphere (FC6-T8, FC6-P8, FC6-O2, T8-O2, P8-O2) as shown in Figure 1b .
Statistical Analysis
SPSS for Windows was used for statistical data analysis. Group differences between the patients with MCI and the healthy elderly subjects in age, MMSE and MoCA score were assessed using Independent t-test. We investigated whether there were statistically significant differences in EEG coherence between the MCI patients and the control subjects. For this purpose, we applied the Mann-Whitney U test to the both of the EEG coherences (intrahemispheric and interhemispheric coherences) from the MCI patients and the healthy elderly subjects. The Mann-Whitney U test is a non-parametric test that is useful for determining if the means of two groups differ from each other. A lower p-value indicates a higher significance of the difference between the medians of two populations [15] . Table 1 shows the results of the statistical data analysis for the MCI patients and the control subjects. The scores in the MMSE and MoCA test differed significantly between both groups, where the MCI group scored lower than the control group (p<0.05).
Results
The results of the interhemisphere coherence statistical test are presented in Table 2 . There is a significant difference of coherence in the electrode pair F7-F8 (p = 0.004); FC5-FC6 (p = 0.038) for the delta band and a pair of electrodes FC5-FC6 (p = 0.003); T7-T8 (p = 0.009) for the theta band. As for the higher frequency band, there is a significant difference of coherence in the electrode pair T7-T8 (p = 0.000); P7-P8 (p = 0.029) for the alpha band and a pair of electrodes AF3-AF4 (p = 0.002); F7-F8 (p = 0.015); FC5-FC6 (p = 0.008); P7-P8 (p = 0.012) for the beta band. The total spectral coherence for the all combination of electrode pair showed delta coherence in the MCI group greater than the control group. Instead alpha and beta coherences in the MCI group decreased compared with the control group. For the total theta coherence, there is no significant changes.
The maximum interhemisphere coherence was observed at the electrode pair AF3-AF4 (anterior frontal area) for all frequency bands. In general, the coherence in pairs of adjacent electrodes (local coherence) showed higher values. Conversely, the coherence was reduced as a function of the spatial distance between pairs of electrodes (distal coherence) [30] . The difference in value of the interhemisphere coherence is graphically represented in Figure 2 . 
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Coherence of electrode pairs with a statistical significance of p <0.05 at the left intrahemisphere and the right intrahemisphere shown in Table 3 . From the table it appears that the left intrahemisphere has a number of pairs electrode with coherence significant difference more than the right intrahemisphere. Based on the calculation of total coherence obtained the information that coherence at the MCI group lower than the control group for the high frequency band (alpha and beta bands). Table 4 shows the electrode pairs with maximum coherence for all frequency bands, in MCI and control groups. For the MCI group, the maximum local coherence in the delta band was observed at the electrode pair F7-FC5 (left frontal area). On the theta and alpha bands, the maximum local coherence was observed at the electrode pair F8-FC6 (right frontal area) and on the beta band it was observed at the electrode pair AF3-F3 (left frontal area). The maximum distal coherence on all frequency bands was observed at the electrode pair T8-P8 (right temporo-parietal area). For the control group, the maximum local coherence in the delta band was observed at the electrode pair AF3-F7 (left frontal area). On the theta, alpha and beta bands, the maximum local coherence was observed at the electrode pair F7-FC5 (left frontal area). The maximum distal coherence in the delta and theta band was observed at the electrode pair FC6-P8 (right fronto-central-parietal area). In the beta band, the maximum distal coherence was observed at the electrode pair T8-P8 (right temporo-parietal area).
Furthermore, we observe the measure of phase synchrony in EEG data. Phase synchrony measures used was PLV. PLV statistics can be regarded as a proxy for brain connectivity. If the EEG signals from two channels under experimental conditions, exceed their baseline value simultaneously up and down, then there is synchronization (enhanced connectivity) between the two signals. If they are lower than their baseline value then there is desynchronization (decreased connectivity) between the two signals. Comparison of phase locking value between the MCI group and the control group for the long cortico-cortical
Comparison of phase locking value between the MCI the long cortico-cortical
In this study, the PLV calculation focused on areas related to the long cortico-cortical connection, i.e. the connection between the area of temporo area, both in the left and the right hemisphere. The results of PLV calculation on the MCI group and the control group was only performed for the alpha and beta fr and 6). Comparisons of the PLVs from the MCI group and the control group are respectively presented in From Figure 4 shows that in the MCI group, there are seven pairs of electrodes that have PLV lower than the control at the alpha band. The seven electrode pairs are the left frontocentral-temporal (FC5-T7), the left frontocentral (FC5-P7), the left temporo-occipital (T7 occipital (P7-O1), the right frontocentral the right frontocentral-parietal (FC6 occipital (P8-O2). In the beta band, it appears that all of the PLVs in the MCI group were lower when compared to the control group.
Discussion
The interhemispheric coherence in elderly subjects in a resting state decreases with advancing age [31] . In the present research, the interhemispheric coherence of the MCI group for the delta and theta bands increased on several pairs of electrodes. In the frontal and temporal areas, the interhemispheric coherence in the MCI group was greater than in the control group. Meanwhile, the interhemispheric coherence in the alpha band decreased at almost all pairs of electrodes. The decrease in interhemispheric co occipital area is consistent with results that have been reported by Anghinah [32] . For the beta band, the interhemispheric coherence in the control group was higher than in the MCI group for all electrode pairs. There was an increase in th parietal coherence and a decrease in the right intrahemispheric temporo-parietal coherence in the MCI group compared to the control group for almost all bands, with the exception of the beta band. These findings are consiste was reported by Sankari [28] . In neurology it is well that in the early stages of AD changes occur in the left temporo-parietal area, followed by changes in t temporo-parietal area.
The increase in delta coherence cou influence of subcortical cholinergic structures on cortical electrical activity [16] . In patients with AD, further reductions in the interhemispheric alpha band (8 between occipital lobes [32] and in the occipital areas [16] have been reported. An increase in delta (0 3 Hz) coherence between the frontal and the posterior areas and the decrease in alpha coherence could be related to alterations in cortico-cortical connections. Leutcher [17] the decrease in alpha coherence is due to the impairment of cortico-cortical connections, especially from long fibers that connect the temporo-parieto-occipital to the frontal area of the Pol J Med Phys Eng 2018;24(1): [1] [2] [3] [4] [5] [6] [7] [8] [9] In this study, the PLV calculation focused on areas related to connection, i.e. the connection between the area of temporo-parieto-occipital to the frontal area, both in the left and the right hemisphere. The results of PLV calculation on the MCI group and the control group was only performed for the alpha and beta frequencies ( Tables 5 ).
Comparisons of the PLVs from the MCI group and the control group are respectively presented in Figures 4 and 5. shows that in the MCI group, there are seven pairs of electrodes that have PLV lower than the control group at the alpha band. The seven electrode pairs are the left T7), the left frontocentral-parietal occipital (T7-O1), the left parieto-O1), the right frontocentral-temporal (FC6-T8), parietal (FC6-P8) and the right parieto-O2). In the beta band, it appears that all of the PLVs in the MCI group were lower when compared to the The interhemispheric coherence in elderly subjects in a resting state decreases with advancing age [31] . In the present research, the interhemispheric coherence of the MCI group for the delta and theta bands increased on several pairs of frontal and temporal areas, the interhemispheric coherence in the MCI group was greater than in the control group. Meanwhile, the interhemispheric coherence in the alpha band decreased at almost all pairs of electrodes. The decrease in interhemispheric coherence in the occipital area is consistent with results that have been reported by Anghinah [32] . For the beta band, the interhemispheric coherence in the control group was higher than in the MCI There was an increase in the left intrahemispheric temporoparietal coherence and a decrease in the right intrahemispheric parietal coherence in the MCI group compared to the control group for almost all bands, with the exception of the beta band. These findings are consistent with the result that was reported by Sankari [28] . In neurology it is well-known that in the early stages of AD changes occur in the left parietal area, followed by changes in the right
The increase in delta coherence could be related to a lack of influence of subcortical cholinergic structures on cortical electrical activity [16] . In patients with AD, further reductions in the interhemispheric alpha band (8) (9) (10) (11) (12) , in the coherence between occipital lobes [32] and in the temporo-parietooccipital areas [16] have been reported. An increase in delta (0-3 Hz) coherence between the frontal and the posterior areas and the decrease in alpha coherence could be related to alterations cortical connections. Leutcher [17] have stated that the decrease in alpha coherence is due to the impairment of cortical connections, especially from long fibers that occipital to the frontal area of the brain. The earliest spectral changes in AD patients at resting state are an increase in theta activity accompanied by a decrease in beta activity, which are followed by a decrease in alpha activity [33] . The delta frequency increases later during the course of the disease [34] [35] . Several medical studies have reported that some types of neurophysiological disease, including AD, are associated with abnormalities of neural synchrony. The brain signals in different areas become less correlated in patients with AD [36] . Several studies have reported a decrease in the magnitude and the phase coherence of the EEGs of patients with MCI and AD [16, 32, [36] [37] [38] [39] . However, other studies have reported that no effects on phase coherence were observed between AD and the control group [21] or between MCI and the control group [40] .
Phase synchronization is the quantity that describes the measure of the functional connectivity and neural activity of the brain based on EEG signals. In this research, the measure of the signal synchronization was expressed in the PLV. The PLV calculation method, based on the Hilbert transformation, was developed by Lachaux [29] . Based on a comparison of the PLVs in the alpha band, it was shown that the PLVs for the right temporo-occipital area and both the left and the right frontocentral-occipital area were higher in the MCI group than in the control group. Meanwhile, for the beta band, the PLVs of the MCI group were lower than those of the control group for all pairs of electrodes. Therefore, it can be said that the MCI patients experienced a loss of beta-band synchronization.
Stam [21] have reported that AD patients experience loss of beta-band synchronization, which is correlated with more severe cognitive dysfunction. This condition is reflected in a lower MMSE score. Some researchers have examined the importance of synchronization at high frequencies for cognitive processes [41] . Loss of beta-band synchronization does not occur simply because of aging, but rather indicates the specific pathology of AD.
In the present work, bivariate estimators are used for brain functional connectivity studies of EEG data. According to Kaminski and Blinowska (2014) this type of estimator has disadvantages associated with common feeding of many spurious connections [N (N-1) / 2 -N] so that it exceeds the actual number of connections [42] . This problem can actually be solved by using a multivariate estimator. But the multivariate approach is less sensitive than bivariate estimators associated with false indirect connections [43] . The choice of methods for measuring brain connectivity depends on several aspects such as robustness of inputs, noise and volume conduction [44] . Phase synchrony, mostly the PLV is one of the most commonly used methods of neural coupling [45] .
Despite the lack of common feeding related spurious connections, the results of this study found statistically significant differences in coherence and synchronization values between MCI and control groups. This difference is observed in some electrode pairs for specific brain wave frequencies. The findings related to the loss of beta band synchronization mentioned above may be used for early diagnosis of AD.
Conclusions
This paper presented coherence of electrode pairs as observed in four frequency bands and phase synchrony in the alpha and beta bands. This reported research confirms the results of previous coherence studies on MCI patients that showed a decrease in both the intrahemispheric and the interhemispheric coherence especially in the beta band. Based on the measurement of phase synchrony in patients with MCI, a decrease in signal synchronization occurs in some electrode pairs for the alpha band and on all electrode pairs for beta band. Electrophysiological measures such as coherence and phase synchrony may provide an alternative screening method for early detection of MCI in potential AD patients. In the next research, will be studied in more detail about EEG data analysis using multivariate method.
